Recently, we reported that progression of liver fibrosis and skeletal myopathy caused by extensive accumulation of cytoplasmic glycogen at advanced age is the major feature of a canine model of glycogen storage disease (GSD) IIIa. Here, we aim to investigate whether rapamycin, a specific inhibitor of mTOR, is an effective therapy for GSD III. Our data show that rapamycin significantly reduced glycogen content in primary muscle cells from human patients with GSD IIIa by suppressing the expression of glycogen synthase and glucose transporter 1. To test the treatment efficacy in vivo, rapamycin was daily administered to GSD IIIa dogs starting from age 2 (early-treatment group) or 8 months (late-treatment group), and liver and skeletal muscle biopsies were performed at age 12 and 16 months. In both treatment groups, muscle glycogen accumulation was not affected at age 12 months but significantly inhibited at 16 months. Liver glycogen content was reduced in the early-treatment group but not in the latetreatment group at age 12 months. Both treatments effectively reduced liver fibrosis at age 16 months, consistent with markedly inhibited transition of hepatic stellate cells into myofibroblasts, the central event in the process of liver fibrosis. Our results suggest a potential useful therapy for GSD III.
Introduction
Glycogen storage disease type III (GSD III) is an autosomal recessive disorder caused by deficiency of the glycogen debranching enzyme and accumulation of structurally abnormal glycogen in multiple tissues. Most patients have involvement in both liver and muscle (type IIIa), but in ∼15 % of patients, only liver is affected (type IIIb) [1, 2] . There is significant variability of clinical signs referable to liver, skeletal muscle, and myocardial dysfunction. Liver symptoms typically appear in childhood and lessen with age; liver cirrhosis, hepatic adenomas, and hepatocellular carcinoma occur in some cases [1, [3] [4] [5] [6] . Progressive myopathy and/or cardiomyopathy is a major cause of morbidity in adults. Muscle weakness present during childhood often becomes more prominent in adults [1, 7, 8] . Ventricular hypertrophy is a frequent finding in GSD IIIa, and sudden death caused by cardiac arrhythmias or cardiac failure has been reported [9] [10] [11] [12] . Current treatment is symptomatic, and there is no effective therapy for the disease [1] . Recently, we have reported on the natural history and disease progression in a canine model of GSD IIIa [13] . We demonstrated that the clinical course of this model closely resembles that of human disease. Affected dogs develop progressive hepatic fibrosis and muscle damage with increasing age [13] .
The mammalian target of rapamycin (mTOR) plays an important role in regulating cell growth and proliferation, protein synthesis, and metabolism in response to nutrients, growth factors, and stress through a variety of signaling pathways [14] [15] [16] . Dysregulation of mTOR has been implicated in several human diseases including cancer, diabetes, obesity, cardiovascular diseases, neurological disorders, and some age-related diseases. Inhibition of mTOR function has shown great potential as a novel therapy for these diseases [17] [18] [19] . Rapamycin, a specific inhibitor of mTOR, is an FDAapproved immunosuppressive drug to prevent rejection in organ transplantation. Pre-clinical studies showed that rapamycin affects glycogen and glucose metabolism. In vitro, rapamycin significantly reduced glucose uptake and glycogen synthesis in cultured rat skeletal muscle cells [20] ; pretreatment of HepG2 liver cells with rapamycin resulted in a decrease in glycogen synthase (Gys) activity in an insulinindependent manner [21] . In vivo, rapamycin combined with recombinant human acid α-glucosidase (GAA) treatment improved glycogen clearance in the target tissue of adult GAA-KO mice; rapamycin alone increased phosphorylation (inactivation) of Gys and reduced glycogen accumulation in skeletal muscles of young GAA-KO mice [22] . Moreover, multiple studies have shown that rapamycin has a strong antifibrogenic effect on liver cirrhosis in rats that underwent bile duct ligation [23] [24] [25] [26] [27] . Based on these findings, we predicted that rapamycin could be a potential therapy for GSD III by limiting glycogen synthesis and preventing liver fibrosis. In this study, we investigated whether rapamycin is effective in treating GSD IIIa dogs.
Materials and methods

Drug preparation
Rapamycin was purchased from the LC Laboratories (Woburn, MA). For treatment on cultured cells, rapamycin was dissolved in 50/50 DMSO/water at 0.5 mg/ml; for use in animals, it was suspended in water at 2-4 mg/ml. All stocks were stored at −20°C until use within 30 days from the preparation date.
Primary culture of skeletal muscle cells from human patients Myoblasts were isolated from skeletal muscle biopsies of two patients with GSD IIIa and maintained in high-serum growth medium as described, and differentiation of myoblasts into mature myotubes was induced in low-serum differentiation medium [28] . Rapamycin was added to the culture medium at a final concentration of 0.03 or 0.3 μM. After 48 h, cells were washed three times with cold phosphate buffered saline and then collected with a scraper. Glycogen content was determined in the cell lysates as previously described [28] . A glucose uptake experiment was conducted in live myoblasts as assessed by monitoring accumulation of a fluorescent Dglucose analog, 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG, Invitrogen) per manufacturer's instruction, in the presence or absence of rapamycin (0.03 μM). Fluorescent cell imaging was obtained using a Nikon DIAPHOT 200 microscope and a Nikon DS-Fi1 digital camera.
Animals
The canine GSD IIIa breeding colony was maintained at Michigan State University under protocols approved by the MSU Institutional Animal Care & Use Committee. Affected dogs of ages ranging from 2 to 6 months were transported to Duke University Medical Center for this study. All dogs were on a regular diet throughout the study [13] . All animal experiments were approved by the Institutional Animal Care & Use Committee at Duke University and were in accordance with the National Institutes of Health guidelines. Blood was collected monthly for routine laboratory testing. Liver and skeletal muscle biopsies were performed as described [13] .
Rapamycin treatment of GSD IIIa dogs
Rapamycin was orally administered with a dosing syringe to three GSD IIIa dogs at a dosage of 1 mg/kg/day from age 2 to 16 months (early-treatment group). Two other dogs were treated with a low-dosage rapamycin (0.5 mg/kg/day) from 8 to 12 months of age, then with a high-dosage rapamycin (1 mg/kg/day) from 12.5 to 16 months of age (late-treatment group). Three untreated dogs served as controls; two were followed from age 2 to 16 months, and the third was followed from 6 to 16 months of age. Liver and muscle biopsies were performed for all dogs at age 12 and 16 months as described [13] . A baseline tissue biopsy was also conducted at age 4 months for the two late-treatment dogs and two untreated dogs.
Tissue glycogen content and histology Fresh tissue specimens were immediately frozen on dry ice and stored at −80°C until use for Western blot or biochemical analysis for glycogen content. Additional tissue samples were placed into 10 % neutral buffered formalin (NBF) for routine histology (trichrome stain) or placed into 3 % glutaraldehyde for periodic acid-Schiff (PAS)/Richardson's staining for high resolution light microscopy (HRLM) as previously described [13, 29] . Images from histological slides were digitally captured with a Nikon DS-Ri1 digital camera using NISElements D imaging software in conjunction with a Nikon Eclipse E600 microscope.
Western blot
Tissues or cultured muscle cells were homogenized in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 % NP-40 (Igepal CA-630), 0.5 % sodium deoxycholate, 0.1 % SDS and 0.5 % Triton X-100) supplemented with protease inhibitor cocktail (Sigma) and incubated for 15 min on ice, then centrifuged at 10,000g for 15 min at 4°C. The protein concentration in the supernatant was measured by Bradford method. Thirty microgram of total protein per lane was resolved in 7 % Tris-acetate gel (Invitrogen) and transferred onto PVDF membrane (Pall Life Sciences). The membrane was blocked with milk, incubated with primary antibody followed by horseradish peroxidase-conjugated secondary antibody. The immune complex was detected using enhanced chemiluminescence (Amersham). Primary antibodies used GLUT1 (#ab15309), LC3A/B (#ab58610), and LAMP2 (#ab37024) antibodies from Abcam (Cambridge, MA); glycogen synthase (#3886), phospho-glycogen synthase (#3891), phospho-p70 S6 kinase (#9243), phospho-S6 (#4857), and Bcl2 (#2870) antibodies from Cell Signaling Technology (Danvers, MA); smooth muscle α-actin (#SAB2500963) and β-actin-peroxidase conjugate (#A3854) antibodies from Sigma-Aldrich (St. Louis, MO); and GAPDH (#NB300-320) antibody from Novus Biologicals (Littleton, CO).
Statistical analysis
The significance of the difference between two groups was assessed using two-tailed, equal or unequal variance student t test. A p value < 0.05 was considered to be statistically significant.
Results
Rapamycin reduced glycogen synthesis in primary human GSD III muscle cells through inhibition of glycogen synthase expression and glucose uptake Primary human skeletal muscle cultures were used as a cellular model. Myoblasts were isolated from skeletal muscle biopsies of two patients with GSD IIIa, and the differentiation of myoblasts into myotubes was induced in low-serum medium [28] . Rapamycin significantly reduced glycogen levels by 41 and 50 %, respectively, in the myotubes derived from two GSD IIIa patients (Fig. 1a) . A glucose uptake experiment showed that rapamycin at 30 nM markedly reduced uptake of a fluorescent D-glucose derivative, 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) by patient myoblasts (Fig. 1b) . Immunoblotting revealed that 
c Western blot for patient muscle cells 48 h after rapamycin treatment. Glut-1 glucose transporter 1, Gys glycogen synthase, p-Gys phosphoglycogen synthase, LC3 microtubule-associated protein light chain 3, LAMP2 lysosomeassociated membrane protein 2, p-S6 phospho-S6 ribosomal protein. β-Actin serves as a loading control rapamycin decreased glucose transporter Glut-1 and total Gys expression but had no effect on the phosphorylated Gys (pGys, inactive form) level (Fig. 1c) . Upregulation of LC3-II (a marker of autophagy) and LAMP2 (a lysosomal marker) in the treated cells suggests that rapamycin treatment could induce autophagy in cultured muscle cells (Fig. 1c) . Inhibition of mTOR function by rapamycin treatment was confirmed by the abolished phosphorylation of the ribosomal protein S6, a down-stream target of mTOR (Fig. 1c) .
Biochemical correction of glycogen accumulation in muscle and liver of GSD IIIa dogs
To evaluate the efficacy of rapamycin in vivo, three GSD IIIa dogs were administrated rapamycin at 1 mg/kg/day from age 2 to 16 months (early-treatment group). In untreated dogs, muscle glycogen increased sharply from age 12 to 16 months (Fig. 2a) . Rapamycin treatment did not affect muscle glycogen content at age 12 months, but effectively prevented the sharp increase of muscle glycogen content from 12 to 16 months (Fig. 2a) . Previously, we demonstrated that liver glycogen content in untreated GSD IIIa dogs peaked at age 12 months but decreased significantly at 16 months due to increased hepatocellular necrosis and subsequent liver fibrosis [13] . Figure 2b shows that liver glycogen was significantly reduced by rapamycin treatment at 12 months (Rapa vs UT). Moreover, there was no obvious change in liver glycogen content between 12 and 16 months in the rapamycin treated dogs in comparison with a sharp drop at 16 months in the untreated dogs.
Next, we decided to determine whether rapamycin could reduce glycogen accumulation in GSD IIIa dogs if treatment was initiated at an older age. Two dogs were treated with rapamycin starting at age 8 months. The initial 4-month treatment with low-dosage rapamycin (0.5 mg/kg/day) did not alter the pattern of glycogen accumulation in muscle from age 4 to 12 months (Fig. 2c) . Continued treatment with high-dosage rapamycin (1 mg/kg/day) reduced muscle glycogen content by 26 and 10 % (16 vs 12 months) , respectively, in the two dogs; on the contrary, muscle glycogen increased by 36 and 24 %, respectively, in the two untreated dogs (Fig. 2c) . Similarly, low-dose treatment had no effect on liver glycogen content at age 12 months; continued treatment with high-dose rapamycin prevented the dramatic reduction of liver glycogen content at 16 months as seen in the untreated dogs (Fig. 2d) , indicating that late treatment with rapamycin also prevented replacement of hepatocytes by fibrotic tissue.
Histology confirmed that rapamycin impeded glycogen accumulation in muscle PAS staining shows more aggressive progression in muscle glycogen accumulation in the untreated dog (Fig. 3a & c) than in the rapamycin-treated dog from the early-treatment group (Fig. 3b & d) from age 12 to 16 months. This pattern was confirmed by the glycogen content analysis in the same dogs (Fig. 3e & f) .
Rapamycin treatment effectively prevented liver fibrosis at advanced age Trichrome staining of liver sections at 16 months of age showed severely distorted hepatic architecture with dense bands of collagen (bridging fibrosis) in the untreated dog ( Fig. 4a & d) , consistent with advanced liver disease (cirrhosis). Rapamycin markedly reduced hepatic fibrosis in both late-treatment (Fig. 4b & e) and early-treatment (Fig. 4c  & f) groups in which little distortion of hepatic architecture was observed. A better outcome was achieved in the earlier treated dogs.
Consistent with the histological improvement, gross appearance of liver is also greatly improved. As shown in Fig. 5a , an untreated dog (UT) showed enlarged liver with severe, diffuse nodular cirrhosis on surface and in parenchyma at age 16 months; in contrast, rapamycin greatly improved the liver appearance in both early-and late-treatment groups. The rapamycin-treated dogs had larger livers and higher liver:body-weight ratios than those of untreated dogs at age 16 months (Fig. 5b) indicating that less fibrosis was developed in the rapamycin-treated dogs.
In order to study the mechanism of rapamycin action in liver, Western blotting was performed with liver lysates from two untreated and two early treated GSD IIIa dogs, and a normal healthy dog. As shown in Fig. 5c , expression of smooth muscle α-actin (αSMA, a marker of myofibroblasts), Gys, and LC3-II was highly elevated in the liver of untreated GSD IIIa dogs at age 16 months when compared with the normal healthy dog. Rapamycin treatment markedly lowered the expression of these proteins. The anti-apoptotic protein Bcl2 was markedly lower in the untreated GSD IIIa dogs than in the normal dog. Rapamycin-treated dogs showed comparable Bcl2 level to the normal dog. Inhibition of mTOR function was evidenced by decreased phospho-S6 kinase (pS6K), a down-stream target of mTORC1. It seems that mTORC1 activity was strongly induced (increased pS6K levels) in the untreated GSD IIIa dogs in comparison with the normal control dog (Fig. 5c ).
Serum biochemistry
Monthly routine serum biochemistry panels were analyzed for GSD IIIa dogs. For the untreated dogs, liver enzyme activities of AST, ALT, and ALP were elevated above normal range from early ages, and muscle enzyme CPK activity increased above normal range after age 12 month (Fig. 6) . Rapamycin treatment had no obvious effect on these enzyme activities.
All other parameters including glucose, triglycerides, cholesterol, bilirubin, albumin, urea nitrogen, and creatinine were within normal ranges for both untreated and rapamycintreated groups (not shown).
Discussion
Enzyme replacement therapy and gene therapy are useful approaches for treatment of some genetic disorders with single gene deficiency. However, these approaches are not suitable for GSD III due to the lack of receptor-mediated uptake of the enzyme by target cells and the difficulty in the delivery of the large-sized glycogen debranching enzyme expression cassette. Previous studies demonstrated that inhibition of glycogen synthesis is an effective therapeutic approach for Pompe disease [22, 30] . Sipula et al. demonstrated that mTOR inhibition by rapamycin significantly reduced glucose uptake and glycogen synthesis in cultured rat skeletal muscle cells [20] . Ashe et al. Fig. 4 Representative liver histopathology at 16 months of age. The liver in the untreated dogs (a and d) contained dense bands of collagen (bridging fibrosis, blue color), nodule formation, and widespread distortion of the normal hepatic architecture, consistent with advanced liver disease (cirrhosis). The livers of the late-treatment group (b and e) and the earlytreatment group (c and f) contained areas of fine periportal and pericentral fibrosis, with occasional fine bridging fibrosis. There is little distortion of the normal hepatic architecture in these treated animals. Treatment starting at young age showed a better benefit in the protection of liver (trichrome stain; scale bars in A, B, and C=1,000 μm; scale bars in D, E, and F=200 μm)
reported that rapamycin reduced lysosomal glycogen accumulation in the skeletal muscle of GAA-KO mice likely through the inhibition of total glycogen synthesis [22] . In this study, we showed that rapamycin significantly reduced glucose uptake and glycogen levels in primary skeletal muscle cells from patients with GSD IIIa, which coincides with the reduction of glucose transporter 1 and total glycogen synthase (Fig. 1) . Rapamycin had no effect on the phosphorylation state of Gys in the same experiment (Fig. 1c) . In GSD IIIa dogs, rapamycin had little effect on muscle glycogen levels at 12 months of age in both early-and late-treatment groups, but continued treatment prevented the sharp increase of glycogen accumulation from age 12 to 16 months as seen in the untreated dogs (Fig. 2a & c) [13] .
Interestingly, we observed increased expression of LC3-II and LAMP2 in cultured human patient muscle cells (Fig. 1c) and murine C2C12 cells (not shown) after rapamycin treatment. However, histologically, we did not observe any significant signs of increased autophagy in the muscle of GSD IIIa dogs after rapamycin treatment. Mammucari et al. reported that autophagy in mouse muscle was regulated by mTOR complex 2 (mTORC2, rapamycin-insensitive) rather than mTORC1 (rapamycin-sensitive), and injection of rapamycin did not induce autophagy in skeletal muscle in mice [31] . It is well established that mTORC1 directly suppresses autophagy, and mTORC2 may also regulate autophagy via Akt [32] . We did not observe a change in protein levels of p-Akt in human patient muscle cells after rapamycin treatment (data not shown) suggesting that the induction of autophagy in these cells was unlikely regulated by mTORC2-Akt signaling. The discrepancy in rapamycin-induced autophagy between cultured human muscle cells and animal muscle tissue is unclear.
Although hepatomegaly seems improved with age in most patients with GSD III [6] , this apparent improvement may be misleading because the decrease in liver size can be a result of progressive liver fibrosis as observed in a GSD IIIa dog model [13] . In untreated GSD IIIa dogs, liver glycogen content peaked at 12 months of age but significantly decreased at 16 months due to large-scale replacement of hepatocytes by fibrous tissue [13] . At age 12 months, liver glycogen content was reduced by 50 % in the early-treatment group (Fig. 2b) but not changed in the late-treatment group (Fig. 2d) . Both (n=2), ET early-treatment group (n=3). c Representative Western blot for GSD III dog liver. αSMA smooth muscle α-actin, Gys glycogen synthase, LC3 microtubule-associated protein light chain 3, Bcl 2 B-cell lymphoma 2, p-S6K phospho-S6 ribosomal protein kinase. GAPDH serves as loading control. UT1 and UT2, untreated dogs; ET1 and ET2, rapamycintreated dogs from the early-treatment group; N, a normal healthy dog at 6 months of age rapamycin treatments markedly reduced liver fibrosis at 16 months (Fig. 4) . The rapamycin-treated dogs had larger and softer livers than those of the untreated dogs which could be explained by less fibrosis-induced liver shrinkage. The anti-fibrotic effect of rapamycin was previously reported in several studies using a rat model of liver cirrhosis induced by bile duct ligation [23] [24] [25] [26] [27] . To our knowledge, this is the first report of rapamycin effect on liver fibrosis in a large animal model. Hepatic fibrosis is the consequence of a sustained wound healing response to chronic liver injury from a variety of causes including metabolic diseases like GSD III. Hepatic fibrosis is characterized by accumulation of collagen-rich extracellular matrix, and activation of hepatic stellate cell (HSC) into myofibroblasts is the central event in this process. Myofibroblasts are the major collagen-producing cells in injured liver [33, 34] . In this study, we showed that rapamycin inhibited HSC activation in GSD IIIa dog liver as evidenced by a markedly reduced expression of α-SMA (Fig. 5c) .
Expression of the autophagy marker LC3-II was highly elevated in the liver of untreated GSD IIIa dogs in comparison with the rapamycin-treated dogs and the normal healthy dog (Fig. 5c) . We interpreted that the overload of cytoplasmic glycogen in liver of untreated dogs caused damage to hepatocytes and, subsequently, induced autophagy to sequester the damage. Rapamycin reduced ongoing damage by lowering the glycogen level; therefore, there was less need for the cells to undergo active autophagy to control the damage as evidenced by the reduced level of LC3-II. Interestingly in liver of the untreated dogs, the pS6K levels were greatly higher than that of the normal control dog, indicating induced mTORC1 activity which might be a feedback response to the increased autophagic activities (Fig. 5c) . The role of apoptosis in this process is not clear. The anti-apoptotic protein Bcl2 was markedly reduced in the liver of the untreated dogs, and this reduction was reversed by rapamycin to the similar level of the normal dog (Fig. 5c) ; however, the apoptosis marker caspase 3 levels were similar in all the dogs (not shown).
The major clinical side-effects of rapamycin are hyperlipidemia and thrombocytopenia [35, 36] . In this study, serum triglycerides and cholesterol concentrations were within normal ranges throughout the study in both rapamycin-treated and rapamycin-untreated dogs (data not shown). In addition, rapamycin had no obvious effect on growth or serum enzyme activities (Fig. 6) .
The major limitation of this study is the small number of animals in each group due to the unaffordable cost for extra dogs, which reduced the significance of important experimental evidence and prevented us to draw a definitive conclusion. A mouse model of GSD IIIa is currently being developed in our laboratory and will be used in the future to confirm our observation.
In summary, rapamycin effectively reduced liver fibrosis and modestly lessened muscle glycogen accumulation in GSD Fig. 6 Analysis of serum enzyme activities in GSD IIIa dogs. Blood was collected every month and routine serum biochemistry determinations were performed. ALT alanine transaminase, AST aspartate transaminase, ALP alkaline phosphatase, CPK creatine phosphokinase. Values were average±standard deviation at each time point in both untreated group (UT, n=3) and early-treatment group (Rapa, n= 3). Shaded areas indicate normal ranges IIIa dogs, and our results suggest a potential useful therapy with rapamycin for GSD III. This study, along with previous reports on small animals, strongly indicates that inhibition of mTOR could be an effective treatment approach for liver fibrosis in general. Considering the key role of mTOR in regulating multiple cell functions and the potential side effects of mTOR inhibition, a benefit-risk assessment must be carefully evaluated when translating this therapeutic approach to human diseases.
